INTRODUCTION
Successful endodontic treatment depends on the elimination of pulp tissue, bacteria and their byproducts and necrotic debris from the root canal system, in addition to the entombment of any residual bacteria and the creation of an adequate seal to prevent reinfection of the root canal space. [1, 2] These goals can be predictably achieved in straight canals, but they can be very difficult to achieve in severely curved canals. [3, 4] Errors such as ledge formation, blockage, perforation and apical transportation have been observed during the preparation of curved root canals and the disinfection and removal of infected pulp tissue and bacteria can be more difficult in such canals. [5] Thus, complete coronal and apical sealing of the root canal system is a critical factor when treating severely curved root canals.
Scanning electron microscopic evaluation of dentinal tubule penetration of Epiphany in severely curved root canals dentinal walls. [7, 9] Resilon has also been shown to increase the depth of sealer penetration during lateral compaction in comparison with gutta-percha. [10] Sealer penetration into dentinal tubules is considered to be potentially beneficial because it increases the interface between the core material and dentinal walls, which may improve the mechanical retention of the material via sealer plug interlocking inside the tubules. [11] Furthermore, the sealer's antibacterial activity effectively eliminates bacteria and those remaining inside dentinal tubules are entombed. [12] The ability of a sealer to penetrate dentinal tubules consistently and effectively is one of many factors influencing the choice of material for root canal filling. [13] However, most studies [14] [15] [16] [17] have assessed dentinal tubule penetration of root canal sealers in single-rooted teeth, which does not simulate clinical situations such as the treatment of curved root canals in maxillary or mandibular molars. Thus, this study was designed to compare the tubular penetration depths of AH Plus (Dentsply Maillefer, Ballaigues, Switzerland) and Epiphany SE root canal sealers in the apical portions of severely curved canals. The null hypothesis was there is no significant difference in the penetration depths of Epiphany SE and AH Plus into the dentinal tubules in severely curved canals.
MATERIALS AND METHODS
A total of 32 extracted human mandibular first and second molars with 25-40° mesial canal curvature (determined using the Schneider technique [18] ) and type IV anatomic configuration (two separate root canals from orifice to apical foramen, according to Vertucci's classification [19] ) were selected for this study. All teeth were carefully examined to confirm the absence of cracks, resorption, root caries and immature apices. The specimens disinfected using 10% formalin solution for 1 h and then kept in distilled water until required.
Specimen preparation
The crowns of all teeth were removed to a standardized root length of 14 mm and the distal roots were removed completely. A #10 K-file was inserted into the mesiobuccal canal until its tip was just visible at the apical foramen and the working length was established 1 mm short of the measured length. The mesiobuccal canals were prepared using the hybrid technique with hand files and ProTaper Ni-Ti rotary instruments (Dentsply, Tulsa Dental, Tulsa, OK, USA) by Sx, F1, F2 and 25/0.02 hand file at the working length. NaOCl (5.25%) (Barfetan, Mashhad, Iran) was applied as an irrigant between the uses of each instrument. RC-Prep (MD-ChelCream; Meta Biomed Co. Ltd., Chunglouk, Korea) was used as a lubricant with each successive file. For smear layer removal, 5 ml 17% ethylenediaminetetraacetic acid (EDTA) (Merck, Frankfurt, Germany) was placed in canals for 1 min and the canals were then irrigated with 5 ml 5.25% NaOCl. Final irrigation was performed with sterile water. All canals were dried with paper points (ARIADENT, Asia Chemi Teb, Tehran, Iran) and randomly divided into two experimental groups (G and R; n = 15 each); two additional teeth served as control specimens.
In Group G, 25/0.02 Gutta-percha master cone (Gapadent Co., Ltd., South Korea) coated with AH Plus sealer was inserted to the working length. Lateral compaction using accessory cones (size 20/0.02) coated with sealer was performed until the entire root canal was filled. In Group R, 25/0.02 Resilon master cone coated with Epiphany SE sealer (Pentron Clinical Technologies, LLC), was inserted to the working length. Obturation of the root canal system was performed in the same manner as in Group G. After cutting excess material from the Resilon cone, the obturated coronal surface was light cured for 40 s. To allow the material to set, all specimens were kept in an incubator for 3 days at 37°C and 100% humidity.
Each tooth was then sectioned perpendicular to its long axis at 4 and 6 mm from the anatomic apex to obtain one apical specimen from each root. Sectioning was performed at slow speed under water-cooling with a 0.3 mm thick diamond disc (Struers; Rodovre, Copenhagen, Denmark). After soaking in an ultrasonic cleaner to remove any debris, the sections were immersed in a solution of 2% paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer at pH 7.4 and stored at 40°C for 12 h. Then, the specimens were dried with hexamethyldisilazane for 30 min, embedded in epoxy resin and stored in an oven at 60°C for 48 h until the resin had set. The apical surfaces of the sections were polished with wet SiC papers of decreasing abrasiveness from 180 to 2500 grit. The discs were immersed in 100% ethanol for 5 min, demineralized with 6 N HCl for 30 s and deproteinized with 1% NaOCl for 10 min. Next, the specimens were sonicated in distilled water for 7 min and dried for 24 h. The specimens were mounted onto Al stubs and sputter coated (K550; Emitech, Kent, UK) with a thin gold coating at 20 mA for 4 min before observation under a scanning electron microscope (scanning electron microscope [SEM]; Vega II XMU; Tescan, Czech Republic).
Microscopic evaluation and analysis
Each specimen was examined under low magnification to obtain an overall view and an area with a maximum density of sealer penetration was selected. The maximum depth of sealer penetration in this area (in µm) was measured using the microscope's calibrated measuring tool. Two calibrated and blinded specialists scored the presence and density of sealer tags using the following scale: 0, absent; 1, few resin tags in tubules; 2, resin tags in the majority of tubules [ Figure 1 ].
Statistical analysis
Data were analyzed using the independent t-test and the Mann-Whitney U-test, with a significance level of P < 0.05.
RESULTS
The negative control specimens showed tubule patency with no material content. In both experimental groups, sealer in the dentinal tubules had a smooth and homogenous appearance. Mean maximum penetration depths of sealers in Groups G and R were 122.18 ± 89.37 µm and 172.22 ± 235.17 µm, respectively. No significant difference was observed between groups in the mean penetration depth of sealer in the apical third of the root canal (P > 0.05). Sealer tag densities did not differ between groups (P > 0.05) [ Table 1 ]. 
DISCUSSION
Smear layer removal is considered to be essential for the penetration of any root canal sealer into dentinal tubules. [17] The alternating use of 5 ml 5.25% NaOCl and 17% EDTA has been recommended for the effective removal of organic and inorganic components of the smear layer [20] and the effectiveness of 1 min irrigation with 3 ml 17% EDTA for smear layer removal has been demonstrated. [21] Therefore, EDTA was used for a short time (1 min) in this study to minimize its destructive effects on dentin. [22] Several studies have used SEM to evaluate the dentinal tubule penetration of sealers. [11, 23, 24] This form of microscopy can be used to measure sealer penetration depth, to observe the surface appearance of sealer in dentinal tubules at high magnification [11] and to determine the density of sealer tags. However, the inability to obtain a detailed overall view at low magnification is the main disadvantage of this technique. The potential for artifact production during the preparation of specimens for SEM must also be considered. [13] Different methods have been used to remove debris and organic matrix around sealer tags and to demineralize horizontal sections for SEM analysis. [25, 26] In the current study, to avoid some of these potential artifacts, the samples were embedded in epoxy resin and surface impurities were removed by sonication.
Several studies have documented regional variation in the depth of sealer penetration, [27, 28] with the greatest depths measured in the middle thirds of root canals. However, previous studies have been performed in straight root canals. [13, 27] In the present study, we evaluated apical third sections because of the importance of this area in curved canals. The average penetration depths of Epiphany SE and AH Plus sealers measured in this study (122.18 µm and 172.22 µm, respectively) were much greater than those reported by Shokouhinejad et al. [29] for the middle thirds of root canals (21.50 µm and 22.07 µm, respectively). This discrepancy might be attributable to differences in the mode of tooth sectioning (horizontal vs. longitudinal) and the region in which sealer penetration was measured (middle vs. apical third). Shokouhinejad et al. [29] used longitudinal root sections to assess the tubular penetration of sealers, which introduces the possibility of missing areas of deeper penetration because the dentin surrounding the canal cannot be fully observed. [11] Using confocal laser scanning microscopy (CLSM), Gharib et al. [16] measured an average penetration depth of 303.8 µm for Epiphany in the apical thirds of horizontal root sections and Patel et al. [15] reported that the mean penetration depth of real seal (Epiphany) was 696.75 µm in the apical thirds of roots; these values differ from that obtained for Epiphany in this study (172.22 µm). Several factors may explain these conflicting results, including differences in the methodology used to assess sealer penetration depth (SEM vs.CLSM) and the mode of tooth sectioning, which was longitudinal in Patel et al. [15] study and horizontal in Gharib et al. [16] and the present study. As described above, longitudinal sectioning may result in the mismeasurement of sealer penetration depth, depending on the location from which sections are obtained. [13] One disadvantage of horizontal sectioning is that only one or a small number of sections per specimen can be evaluated. This limitation likely underlies disparities in maximum penetration depths and standard deviations of mean values among studies. [11] Another possible reason for the lesser sealer penetration depth measured in this study might be the examination of apical portions of severely curved (25-40°) root canals, in contrast to single-rooted teeth with straight canals.
The average penetration depth of AH Plus into dentinal tubules measured in this study (172.22 µm) was considerably greater than the mean maximum penetration depth of this sealer measured by Kokkas et al. [14] in longitudinal root sections using SEM (54.6 µm). Moradi et al. [30] evaluated horizontal root sections using SEM and reported that the mean maximum penetration depth of AH26 sealer in the apical thirds of root canals, achieved within a short period of time, was 520.48 µm.
The penetration of root canal sealers into dentinal tubules may be influenced by variations in the physical and chemical properties of the sealers. [31] Kokkas et al. [14] found that the maximum penetration depths of AH Plus and Apexit sealers were significantly greater than that of Roth 811. In addition, Mamootil and Messer [13] found significant differences in the penetration depths of three sealer cements: Epoxy resin (AH26), zinc oxide eugenol and methacrylate resin.
Using SEM, Sevimay and Kalayci [32] showed that AH Plus adapted better to dentin and penetrated more deeply into dentinal tubules than did EndoRez root canal sealer from the apical to the coronal thirds of root canals. Both sealers showed poorer adaptation and penetration in the apical thirds than in the coronal and middle thirds of the canals. This difference may be due to the reduced efficiency of smear layer removal in the apical thirds of canals. In addition, the number and size of dentinal tubules and dentinal structure (tubule density) in the apical third as well as the obturation technique employed, may affect sealer adaptation and penetration. [16, 30] In the present study, no significant difference in tag density was found between groups. Pawińska et al. [33] reported the presence of single gaps between Resilon and Epiphany as well as between Resilon and dentin. Similar results have been reported by Tay et al. [34] who used SEM to compare the tightness of root canal obturation with the Resilon-Epiphany system and Gutta-percha with AH Plus. In both groups, the authors observed gap-free and gap-containing regions. These gaps are probably created by rapid polymerization contraction, promoted by heat generated during material condensation with a hot plugger. Additional manipulations during insertion of the material into the canal damage the bonds between the filling elements and root dentin. [34, 35] In conclusion, Epiphany SE and AH Plus showed similar tubular penetration and resin tag density in the apical thirds of severely curved root canals. Although, the penetration of root canal sealers into dentinal tubules might be important from a clinical perspective, future studies should evaluate new root canal sealers in clinical situations.
